Calcium pump-catalyzed 18 O exchange between inorganic phosphate and water was studied to test the hypothesis that all P-type pumps bind Mg 2+ before P i and validate utilization of the rate equation for ordered binding to interpret differences between site-directed mutants and wild-type enzyme. The results were remarkably similar to those obtained earlier with sodium pump [Kasho et al. (1997) Biochemistry 36, [8045][8046][8047][8048][8049][8050][8051][8052]. The equation for ordered binding of Mg 2+ before P i fit the data best with only a slight chance (0.6%) of P i binding to apoenzyme.
INTODUCTION
The calcium and sodium pumps are classified as P-type 1 because the energy required for generating ion gradients across cell membranes is derived from ATP by catalyzing hydrolysis in two, Mg
2+
-dependent steps (1) . The γ-phosphoryl group is initially transferred to an aspartyl side chain of the protein in one conformation (E 1 ) forming a covalent phosphoenzyme intermediate.
Hydrolysis is completed after a conformational change by transferring the phosphoryl group to water. The second step can be reversed by reacting the second conformation (E 2 ) with P i and can be followed either by radioactive 32 P incorporation into the enzyme, or by stable oxygen isotope ( 18 O) exchange between P i and H 2 O. Phosphorylation by P i is a partial reaction that can be uncoupled from other reactions in the pump cycle experimentally, so that the mechanism is simple enough for derivation of the rate equation. Therefore, measurements combining either 32 P incorporation or 18 O exchange with site-directed mutagenesis are potentially a powerful way of identifying amino acids essential for catalyzing phosphoryl group transfer and of learning their function from estimates of intrinsic constants for interaction of reactants with the enzyme.
The problem considered in this paper is the mechanism of Mg 2+ -dependent phosphorylation by P i . The solution is important because the interpretation of observed differences between mutants and wild-type enzyme depends upon the way in which intrinsic properties of the protein enter into the expressions for the half-maximum substrate concentration and either the maximum amount of 32 P bound, or the maximum rate of 32 was used to interpret an increased half-maximum P i concentration when the upstream threonine in a signature amino acid sequence for P-type pumps (DKTGT) was changed to serine (9) . The interpretation given to most studies of Na,K-ATPase is also that Mg 2+ and P i bind randomly (10) (11) (12) . However, we concluded from fits of rate equations for alternative mechanisms to the 18 Oexchange rate as a function of reactant concentrations that Mg 2+ binds to purified Na,K-ATPase before P i (13) . We estimated the intrinsic affinity of apoenzyme for Mg 2+ with the rate equation
for ordered binding of Mg 2+ before P i and interpreted mutations of amino acids in two other signature sequences for P-type pumps DPPR (14) and DGVND (15) by comparing mutant Mg 2+ dissociation constants with the wild-type Na,K-ATPase value.
Phosphorylation of the calcium and sodium pumps by different mechanisms seems unlikely because the amino acids implicated in phosphoryl group transfer are in conserved sequences and the phosphorylation domain containing most of them has the characteristic fold of HAD superfamily members (16) . Therefore, we tested the hypothesis that calcium pump also binds Mg 2+ before P i by studying purified Ca-ATPase-catalyzed exchange of 18 O between P i and water as a function of an array of Mg 2+ and P i concentrations. The results resembled those obtained earlier with Na,K-ATPase (13) . Neither the equation for P i binding before Mg
, nor the equation for reaction with Mg·P i , fit the data well. The equations for ordered binding of Mg 2+ before P i and for random binding fit the data comparably. However, the fit of random binding was achieved by estimating more than two orders of magnitude higher affinity of apoenzyme for Mg 2+ than for P i . Therefore, the dominant pathway for calcium pump, as well as sodium pump, is ordered binding of Mg 2+ before P i . Catalysis of 18 O-exchange by the same mechanism strengthens the justification for quantitatively interpreting data for site-directed mutants of P-type pumps with the rate equation for ordered binding of Mg 2+ before P i . The by guest on November 17, 2017 http://www.jbc.org/ Downloaded from implication of ordered binding to the E 2 conformation for the molecular mechanism is that Ptype pumps form a ternary enzyme·metal·phosphate complex (E 2 ·Mg·P i ).
EXPERIMENTAL PROCEDURES
Enzyme Preparation and Purification─Ca-ATPase was prepared from washed SR membranes as described by MacLennan (17) . The specific activity (mean ± sd) at 37 o C determined by a NADH-coupled assay (18) operated in the SIM mode, have all been described previously (13) . Bio-synthesis Inc., Lewisville, TX synthesized ENTS, the precursor for the diazoethane used to derivatize P i .
Theory of

18
O Exchange─Oxygen exchange between P i and water requires covalent bond cleavage. The non-enzymatic reaction is extremely slow with a half time at 100 o C of one and one-half weeks (24). The E 2 conformation of P-type pumps catalyzes the reaction by initially forming a noncovalent "Michaelis" complex (E 2 ·P i ) that is converted into a covalent phosphoenzyme (E 2 -P) by nucleophilic attack of an aspartyl oxygen atom (25). 
The measured isotope exchange rate is slower than the oxygen exchange rate (v ex ) because 18 O exchange depends upon the enrichment of the labeled reactant and upon the number of times the covalent bond with the enzyme is formed before P i dissociates. The partition coefficient (P c ) is the probability of bound P i forming phosphoenzyme, which depends upon the rate constants for P i (k -P i ) and water (k -H 2 O ) loss from the Michaelis complex (Equation 3).
Hackney (26) which was repeated (n = 4) as a control for upgrading and reprogramming the GCMS. The estimated percentage sd in P c = 0.04 ± 0.03 (sem = 0.002) is large (75%) because three of the twelve titrations gave consistently higher estimates of P c . However, there was no discernible effect on the estimates of v ex . Figure 3 shows that points for the same choice of ([
from different titrations superimpose regardless of the titrant or P c estimate. In Fig. 3 with the parameters estimated by globally fitting all the data points in Table II (n = 184) with
Mechanism V, or the data points in bold type (n = 107) with Mechanism I, II, III, or IV. Table III or in the ten thousandth (P i , HPO 4 -2 ) place.
DISCUSSION
The rate equations for Mechanisms I-V predicts hyperbolic dependence of v ex on concentration ( Table I ). The choice of independent concentration variable (X) is arbitrary.
However, the expressions for the observed maximum rate (V X max ) and half-maximum titrant concentration (K X 0.5 ) differ and can be used to choose between alternative mechanisms. We concluded from an earlier study that Mg 2+ binds to sodium pump before P i (13 (Fig. 2) . Bell-shaped titration curves were observed previously for calcium pump when the amount (6, 8, 29) or rate (7) of E-P formation from P i measured by counting 32 P was plotted against [Mg 2+ ]. The decrease in E-P was attributed to a low-affinity inhibitory Mg 2+ site (8) Table II) were compared (Table III) . All of the models "fit" the data in the sense that the null hypothesis (no correlation between the dependent and independent variables) could be rejected (P < 0.0001), but not all of the regression coefficients were statistically different from zero for ordered binding of P i before Mg 2+ (Mechanism II) or random binding (Mechanism IV). The standard error of the estimate is tabulated (bold type) for statistically significant parameter estimates (P < 0.0001). The reason all of the regression equations describe the data reasonably well is that the independent variables are correlated (9, Equation 5 ).
Therefore, the concentrations of all of the substrates considered in Table I increase along with the exchange rate in the same total Mg 2+ and P i concentration range. "Multicollinearity" (28) is also the reason some of the regression coefficients in some of the mechanisms cannot be estimated precisely. R adj values closer to 1.0000 (perfect fit) in Table III Figure 4 shows the trend in the residuals for the mechanisms that gave poorer fits. 
This conclusion can be reached either by using the values of K M and K P for Mechanism IV in Table IV summarizes the wild-type Na,K-ATPase results, including a totally independent estimate of K M from stopped-flow studies of the E 1 ⇌ E 2 conformational change in purified enzyme (38), and compares them to the parameters estimated for Ca-ATPase from the data in Fig. 3 . The two statistically significant differences are the estimates of K′ P /(1 + K h ) and P c , which differ nearly 6-fold from the average Na,K-ATPase values in opposite directions. An increase in the P i -off rate could explain both observations because k -P i is in the numerator of K′ P To test the hypothesis that the differences between the calcium and sodium pumps are attributable to a single reaction step, the rate constants for 18 (Fig. 4) for the fit of Mechanism III to the array of data in Fig. 3 . The errors in v ex and
[E-P] were propagated with the total differential of k′ +H 2 O . There was a fifth unknown in our experiments because the cofactor sites were not always saturated (e.g. in measurement of [E-P]), but K M could be estimated with confidence (P < 0.0001) and was experimentally the same for the calcium and sodium pumps (Table IV) to calculate a minimum value of k -P i . Finally, a lower limit for K′ P was calculated from the estimate of K′ P /(1 + K h ) and used to estimate k +P i . Table V compares the rate constants estimated from the oxygen exchange data for CaATPase in Fig. 3 and the 32 P data characterizing the preparation in Materials with published values for the calcium (39,40), proton (27), and sodium pumps (13) . To facilitate comparing the P-type pumps, K′ P , K h , and P c are also tabulated. Readers are referred to the original papers for how the parameters were estimated and how the estimates were combined to calculate other constants. Only error estimates smaller than the parameter estimate are reported. The uncertainty in the remaining parameters is greater than 100% either because of fewer unknowns than equations or error propagation. The previously published numbers in Table V generally confirm our observations for Ca-ATPase, but they do not support the hypothesis that the by guest on November 17, 2017
http://www.jbc.org/ Downloaded from observable differences between the calcium and sodium pumps are attributable to a single reaction step. The estimates of P c for calcium pump from different laboratories (rows 1-3) are in good agreement, and the significantly lower probability of phosphorylating Ca-ATPase than either of the other P-type pumps cannot be explained by the differences in experimental pH (footnotes) because P c is inversely related to pH for all three pumps (27,39,41). The two more recent studies of calcium pump are in agreement that P i binds weaker (K′ P larger) to calcium pump than to the proton or sodium pump. This can be seen empirically by comparing the P iconcentration range of titrations of the proton and sodium pumps (0-10 mM) in References 27
( However, the phosphoryl group transfer steps in Equation 1 appear to be as responsible as P i binding for the empirical differences between calcium pump and the two other P-type ATPases.
Both dephosphorylation and phosphorylation of Ca-ATPase seem to be less efficient, with the caveat that the estimate of the rate constant for the latter (k -H 2 O ) depends upon the equilibrium between noncovalently and covalently bound P i , and different assumptions were made in estimating the K h values for different pumps in Table V .
The most striking difference between this study and earlier studies of calcium pump is the conclusion that P i binds only to the metalloenzyme. The same conclusion was reached for sodium pump (13), in disagreement with previous studies that all claimed Mg 2+ and P i bind randomly (10) (11) (12) . However, in the case of sodium pump, the disagreement was only apparent because the free reactant concentrations, which appear in the equations, were not calculated and/or experimental conditions, which could affect the mechanism, were different (13) .
Published data from another laboratory (12) Another difference between earlier studies of calcium pump and this study was that nonlinear-least-squares software was unavailable, so the data were linearized by plotting reciprocals and analyzed graphically. However, when the data from the two studies with the most data points were reanalyzed with SigmaPlot, only slight differences in the parameter estimates were obtained that could be attributed to errors in reading the data from published figures and/or different values of the Mg·P i dissociation constant. Mechanism I fit the data at pH 6 in 15% DMSO (8) best, and Mechanism IV fit the data at pH 7 in aqueous solution (3) better than any of the other mechanisms. Organic solvent must be more important than pH in the change to Mechanism I (8) because the pH varied from 6 to 7 in the studies of calcium pump in water that concluded Mg 2+ and P i bind randomly (3-7). However, the shift in half maximum
] o predicted by assuming Mg·P i is the substrate in organic solvent (Table I, Mechanism I, Row 2) was not observed when phosphorylation data for expressed wild-type CaATPase at pH 6 in 30% DMSO was plotted against [P i ] o in a more recent study (9 (Table V) . However, the estimates of K M (9 ± 2 mM) and K P (3.0 ±0 .6 mM) make a strong case for random binding. The observable difference between random and ordered binding is that in the former, the probabilities of going through the upper and lower pathways in Equation 5 are roughly the same, whereas in the latter, the observed maximum rate in titrations with the cofactor (P i in Mechanism II or Mg 2+ in Mechanism III, Table I ) is limited by the fixed concentration of substrate. Titrations with Mg 2+ and P i approached approximately the same E-P max (3-7), or maximum rate (7) in all of the 32 P studies of Ca-ATPase, whereas the threedimensional plot of the 18 O exchange data is asymmetrical (Fig. 2 ). The titrations with P i approach the same maximum exchange rate, whereas the observed maximum rate in titrations with Mg 2+ increases with the fixed P i concentration. The increase in the observed maximum 18 and 18 O exchange (39,40) are the same, and the equations in the literature for the amount or rate of E-P formation by different mechanisms can be rearranged to give the equations in Table I .
An alternative possibility is that an inherent limitation of one of the methods introduces a systematic error that distorts the data. In both methods, the reaction must be quenched for whereas the isotopomer distribution of solvent P i (0.2-8 mmol of P i in our experiments) is measured in 18 O-exchange experiments. Therefore, any shift in the equilibrium between covalently and noncovalently bound P i during the observation would distort 32 P measurements more than 18 O measurements, although how a larger percentage systematic error in one technique than the other would lead to different mechanistic conclusions is unclear.
The importance of the reaction mechanism for the interpretation of data comparing sitedirected mutants with wild-type enzyme is clear from preliminary 18 O-exchange studies of the serine mutant of the upstream threonine in the signature DKTGT sequence of sodium pump.
Mechanism I did not fit oxygen exchange data. Moreover, the intrinsic Mg 2+ dissociation constant estimated with Mechanism III was significantly larger (5-fold) than the wild-type value (unpublished results). Neither result was expected because a 32 P study of the corresponding mutant in calcium pump (9) assumed the substrate is Mg·P i (Mechanism I) and concluded that Mg 2+ binding is unaffected.
Note Added in Proof─While this paper was being reviewed, a high-resolution structure of Ca-ATPase was published with the aspartate that is phosphorylated in one coordination site of hexacoordinate Mg 2+ and a P i analogue (MgF 4 -2 ) in another (43). Therefore, the new structure confirms formation of a ternary E 2 ·Mg·P i complex by P-type pumps. However, the structure is consistent with any of the mechanisms for Mg 2+ and P i reaction with the enzyme in Table 1 and does not permit derivation of the half-maximum titrant concentrations needed to interpret equilibrium and kinetic experiments comparing site-directed mutants with wild-type enzyme. BAD, bound and determined (www.stanford.edu/~cpatton/other.html); GCMS, gas chromatograph-mass spectrometer; NMR, nuclear magnetic resonance; SIM, selected ion monitoring; SF, stopped flow; P, probability null hypothesis is correct; R adj , multiple correlation coefficient adjusted for number of degrees of freedom; sd, standard deviation of the mean; see, standard error of the estimate; sem, standard error of the mean.
2 Oxygen exchange can be followed in real time by 31 P-NMR spectroscopy (44). However, more material is required, and the method is less sensitive. Therefore, measurements as a function of an array of reactant concentrations are difficult with purified P-type pumps and are currently impossible with mutants of sodium pump expressed in yeast. The Mg 2+ titration at the lowest fixed P i concentration (inverted triangles) was repeated. The buffer and other experimental conditions are given in the legend of Fig. 1 . The solid lines are spline curves drawn through the origin and the points calculated with the parameters (Table III) estimated by globally fitting Mechanism V for ordered binding of Mg 2+ before P i with noncompetitive inhibition by Mg·P i to all of the data (n = 184). The figure shows v ex decreases at high concentrations of both Mg 2+ and P i , consistent with noncompetitive inhibition by Mg·Pi. (Table III) Figure 3 (n = 107). b all data, both normal and bold type, are plotted in Figure 2 (n = 184).
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